Abstract Experimental methods of investigations of nanoparticle (NP)-protein interactions are limited, because they require a high amount of samples and the NPs tend to interfere with spectral results. Therefore, molecular modeling is a commonly accepted tool in such kind of investigations. Examining the molecule toxicity on the molecular level, we usually want to know, mainly, the location of the ligand on the protein surface and what is an influence of such a contact on the biological functions of the protein. In the presented work, we demonstrate that multiple-docking of the ligand from a random start and with large grid volume, to let the ligand search the whole protein surface, allows to find the best binding sites and gives reliable results considering ligand-protein interactions. In the present work, we have constructed six models of bronchoalveolar lavage fluids proteins: α1-antitripsin, albumin, ceruloplasmin, lactoferrin, lysozyme, and transferrin with fullerene, C 60 utilizing molecular docking methods. The most probable results were examined with steered molecular dynamics (SMD) to see, if the simple docking method is able to predict the fullerene binding affinity. Albumin and lysozyme were already widely investigated and literature data is available for their complexes with fullerene C 60 and/or its derivatives. Thus, we used these two models as a reference set to validate the used molecular modeling methods. With our best knowledge, interactions of the remaining four proteins with NPs have never been investigated in detail before. Our results indicate that fullerene C 60 readily interacts with all studied proteins and may have a large impact on their biological functions.
Introduction
Unique features of nanoparticles (NPs), in this number fullerenes, are the reason why these substances can be exploited in various fields of life, e.g., medicine, cosmetics, and electronics. On the other hand, there are still many questions related to unknown influence of nanomaterials on the environment and human health, and mainly related to their toxicity for alive organisms [1, 2] . NPs can be dangerous due to their high reactivity, easiness of dispersion, and migration through cellular membranes, or capability of transportation of other hazardous substances adsorbed on nanoparticle surface. Tiny size of NPs is related to a large surface area per unit mass, what rises chemical reactivity of these molecules [3] .
The most dangerous seem to be NPs that can easily be transported through biological barriers (for example, the blood-brain barrier). It has been proven that NPs may modify biological responses and interactions of cells, for example, help bigger molecules to get inside organs; they can be transported along neurons [4] , trigger oxidative stress and inflammations [3, 5] ; and can be also responsible for genotoxicity and carcinogenesis [6] . Inhalation is one of the most probable and important exposure routes into the human body for various substances, in this number NPs [7] [8] [9] [10] [11] . Once a particle is deposited in the lungs, it starts to interact with epithelial or alveolar lining fluid proteins, before it is phagocytosed by macrophages or taken up by pneumocytes [7] . Inhaled NPs may also be transported through the whole body along various paths and utilizing various mechanisms. They can be distributed via the circulatory or lymphatic system and be deposited in various organs. As a result of accumulation of NPs in the liver, spleen, bone medulla, heart, and other organs, functions of an entire organism are disrupted [9, 10, 12, 13] . NP toxicity related to their routes of exposure are exhaustively described in [3, 14] . The smaller the particles and the more spherical the shape, the deeper they can get into the lungs. NPs smaller than 100 nm are deposited mainly in the alveolar area [8] . The observed negative influence of NPs on living organisms at the molecular level is directly related to their interactions with proteins and nucleic acids [15] [16] [17] [18] . The lung epithelial lining fluid proteins are the first with which NPs can have a contact after being inhaled into human body. Therefore, interaction of NPs with these proteins is worth to study. The research at this point is more complicated, since NPs may be classified as substances usually tolerated by the organisms to some certain concentration, while when it is exceeded, they can reveal some toxic impact.
The most common and persistent are fullerenes built of 60 atoms (C 60 ) [19] , which possess 60 dislocated electrons. Experimental data indicates that the influence of fullerenes and their derivatives on biological structures depends on the size of a Bcarbon ball^and the structure of attached functional groups. Fullerenes can easily accept and donor electrons, so they have antioxidative and peroxidative capabilities, and have negative surface charge. Toxicity of fullerene C60 is mainly caused by generation of super oxide radical anion (O 2− ) [20] or by negative surface charge [21, 22] . Oxidative stress is especially intense in the lungs, where exists a large accumulation of reactive oxygen species (ROS) like the inflammatory phagocytes, neutrophils and macrophages [7] . The potential toxicity of the fullerenes may be caused by their shape. It was proven that C 60 can block K + channels, causing a biological effect [23] . Therefore, characteristic features of fullerenes as hydrophobicity, electrophilicity, and high reductive potential should not only be taken into consideration.
Fullerene C 60 is insoluble in water, but creates stable aggregates with nanoscale dimensions, nC 60 (25-500 nm) [24] [25] [26] [27] . Aggregates remain in suspension for a long time [28] and their reactivity differs from separate C 60 molecules. There are experimental data indicating that these aggregates are cytotoxic and cause damage triggered by electrostatic interactions with cell structures [21, 22] and by reactive forms of oxygen [20, 29] . It was previously reported that C 60 nanoparticles are stabilized by adsorption of HSA and remain dispersed in physiological fluids [30] . Binding sites on HSA for nC 60 occurred similar to these for separate molecules. The same type of binding sites as was reported for interactions C 60 -albumin [31] were experimentally detected in nC 60 -albumin complexes [32] . These observations indicate that even though investigations of separate C 60 molecules are not complete as they should be for nC 60 , they bring reliable results, which can be extended on protein-nC 60 complexes.
In the presented work, we indicate on the direct influence of C 60 particles on proteins' biological functions, e.g., blocking the ligand binding sites or interrupting conformational changes. We also describe C 60 -protein interactions and tried to find common features of such contacts for various proteins. The methods presented here, in contrary to computationally expensive molecular dynamics-were much less CPU time consuming. Our results indicate that in most of the cases, with the similar level of approximation, the predicted binding sites were reliable, as what was confirmed by a comparison with available experimental and computational data.
Materials and methods
In the presented study, we examined the interactions of fullerene C60 with selected epithelial lining fluid proteins in lungs. The other strategy is the database screening with reverse docking procedure [33] . All presented results were performed in silico, utilizing molecular modeling and docking methods. In-house tools and programs to models of visualization such as SwissPDBViewer 4.1 [34] and Chimera [35] were used for analysis of the identified binding sites. The protein structures examined here were taken from Protein Data Bank [36] and used for docking procedure: (1) albumin PDB ID: 1ao6 [37] , (2) α1-antitripsin PDB ID: 3ne4 [38] , (3) ceruloplasmin PDB ID: 4enz [39] , (4) lactoferrin PDB ID: 1n76 [40] , (5) lysozyme PDB ID: 3fe0 [41] , and (6) transferrin PDB ID: 4h0w [42] . All computed models were prepared in SwissPDBViewer 4.1 program [34] . Missing amino acid residues were added where it was necessary; water, ligands, ions and other molecules unimportant for constructed models were removed. The 3D structure of nonsubstituted fullerene C60 was received by using Avogadro 1.1.1 program library [43] . Docking procedure was performed by AUTODOCK 1.5.6 package [44] with AMBER force field [45] as default for AUTODOCK program [46] , since it is commonly used and a very potent tool in structure-based virtual screening [47] , and it was already previously used to study fullerene derivatives with proteins [48] [49] [50] [51] .
Six complexes were constructed for the following proteins-C 60 couples: (1) albumin-C 60 , (2) α1-antitripsin-C 60 , (3) ceruloplasmin-C 60 , (4) lactoferrin-C 60 , (5) lysozyme-C 60 , (6) transferrin-C 60 . No a priori settings were used to define searching space for a ligand, and all examined protein docking was carried with a large grid volume covering the entire surface of each protein. Initial conformation of the fullerene molecule in the docking space was generated randomly. Thus, fullerene was able to search the entire receptor surface and find the most preferable binding pockets. Docking parameters were as follows: 1000 runs from random start were performed for every protein (6000 result complexes in total), maximal number of retries was 1000; there were 150 individuals in the population and 1 individual was let to survive to next generation; there were maximally 27,000 generations; maximum number of energy evaluations was equal to 2,500,000; rate of gene mutation was set to 0.02 and rate of crossover to 0.8. During the docking procedure, the protein maintained rigid.
In-house tool was used to cluster ligand positions according to their distance from selected atoms in a protein structure. All clusters for each pair protein-ligand were ranked according to their free binding energies. Newly obtained complexes were visualized and analyzed in SPDBV program [34] . For the fullerene binding sites, three criteria were applied to select the most plausible ones for further investigations: (1) frequency of finding the site in repeated 1000 docking trials (free binding energy), (2) binding energy of the complex after docking, and (3) importance of location taken by the ligand for the protein functioning according to literature data. For each selected complex, one representative ligand with the lowest potential energy of binding was chosen and energy minimization was performed using YASARA package [52] . The amino acid residues within 7 Å radius from the ligand were acknowledged as the binding sites on proteins for C 60 . An example image for α1-antitripsin-C 60 docking model is shown in Fig. 1 . Collected data is presented in Table 1 and images of main binding sites for all investigated proteins are shown in Fig. 2 .
For a detailed investigation of the work required to extract a ligand from the identified binding sites (work done by pulling forces), we used steered molecular dynamics (SMD) as implemented in AMBER force field. The application of SMD was possible due to the discovery of the Jarzynski's equation [53] . SMD applies an external force into a molecule and causes a change in coordinates with a specified time. Assuming that a single coordinate describes the investigated process, the external force can be described as F = 0.5k(x 0 + v t− x), where k is a force constant, x 0 and x are the initial and observed positions of the restraint point moving with a constant velovity v at time t. This force corresponds to the ligand being pulled by a harmonic spring stiffness k with its end moving with velocity v [54]. Jarzynski's equation describes a relation between equilibrium of free energy differences between two states (bound and unbound) and work needed for transformation between those states exp.[−βΔF] = exp.[−βW] [55] , where ΔF is a free energy difference between final (unbound) and initial (bounded) state, W is a work required to remove a ligand from a binding pocket and β = 1/RT.
Twenty-seven molecular systems were built (all investigated proteins and binding sites are listed in Table 1 ) and simulated using SMD as implemented in AMBER force field [56] . For every simulated system, 12 water layers of TIP3P water model and the necessary number of counter ions were added to neutralize a protein charge. Subsequently, the newly built systems were optimized with positional constraints applied to both ligand and protein in order to achieve a constant density. Finally, SMD simulation was performed with the following conditions:
and isothermal-isobaric (NTP) ensamble. For better and more reliable estimation of free energy, we used multisander procedure, running every simulation in 16 replicas as recommended in the AMBER manual [56] . Individual system parameters were as follows:
(1) albumin (HSA)-15 Na + ions, 26,000 TIP3P water molecules, simulation box approximate size 97×84×103 Å; (2) α1-antitripsin-11 Na + ions, 16,500 TIP3P water molecules, simulation box 95×68×84 Å; (3) ceruloplasmin-44 Na + ions, 37,000 TIP3P water molecules, simulation box 105×112×108 Å; (4) lactoferrin-10 Cl − ions, 29,000 TIP3P water molecules, simulation box 92×90×115 Å; (5) lysozyme-8 Cl − ions, 7500 TIP3P water molecules, simulation box 63×60×66 Å; (6) transferrin-3 Na + ions, 28,000 TIP3P water molecules, simulation box 110×93×90 Å. SMD results are collected in Table 1 and presented in Fig. 7 . Lys343-Glu363-reactive center loop (RCL) [60] Structurally important salt bridge Glu342-Lys290 23.00 ± 4.40
Metal-cation binding sites are presented in [62] .
Asn119 with a sugar chain -important in creating ceruloplasmin-lactoferrin complex [39] .
Two peptide fragments Lys50-Gln55, Ile65-Leu71-Pro76-Lys79-Lys109 and Asp929-Glu931-Glu932-Glu935-His940-Phe947-Arg1012 may be important for the interactions of ceruloplasmin with lactoferrin and myeloperoxidaze [63] . Fagments Arg883-Arg892 [64] , His667-Trp669 [65] and loop Cys699-Leu710 [39] are probably involved in interactions of cerruloplasmin with myeloperoxidaze.
is important for binding various proteins to ceruloplasmin surface [66] . Asp60, Tyr92, Arg121, Tyr192, His253
-iron and anion binding site. Thr117, Arg121, Ala123, Gly124
-anion binding site [67] .
Asn479 with a sugar chain -important in creating ceruloplasmin-lactoferrin complex [39] .
Fragment Arg2-Arg5 is important for creating complexes with other proteins, for example caruloplasmin [66] Asp63, Tyr95, Tyr188, His249
-create binding pocket [73] . Gly65, Glu83, Tyr85, Arg124, Lys206, Ser248, Lys296 -they stabilize metal binding site and play crucial role in iron release [73] .
Results and discussion
After docking, four to five main ligand binding sites were selected for each computed protein-C 60 complex (see Table 1 ). For two of the examined proteins, previously published data exist regarding fullerene or fullerenol binding sites: human serum albumin (HSA) [31, 57, 58] and hen-egg white lysozyme with fullerenol C 60 (OH)x (x≈24) [50] and pristine fullerene C60 [59] . Thus, albumin-C60 and lysozyme-C60 complexes were used as a validation set.
Binding sites analysis
α1-antitripsin Four binding sites were selected for α1-antitripsin according to the binding energy and ligand population criteria as described above (see Fig. 1 and Table 1 ). Two highly occupied (~10% ligands in each case) positions of fullerene were located in the reactive center loop (RCL) area (see Fig. 3 ), created by residues Lys343-Glu363 [60] . Additionally, Glu342 is involved in interactions with C 60 , and this residue creates a structurally important salt bridge Glu342-Lys290 [61] . Both, RCL and salt bridge play essential roles in α1-antitripsin biological functioning. All these residues are strongly conserved along serpin evolution and any changes or damages in this region lead to protein malfunction [74, 75] . However, as described, fullerene positions disrupting important regions in α1-antitripsin molecule are not Bfirst choice^places taken by ligands during 1000 docking runs. There was a location detected with a much larger number of representatives and lower free binding energy of the complex (see Figs. 1 and 2 and Table 1 ). SMD mostly confirmed the results obtained by AutoDock. The largest work needed for extraction of C 60 from site 1 is 29.24 kcal/mol (see Table 1 ). Site 4 contains lots of residues which were identified as important from the biological point of view for α1-antitripsin. In this case, the result obtained by SMD is 21.41 kcal/mol. The difference between site 2 and 3 is small, about 2.5 kcal/mol. These observations suggest that fullerene molecules may be hazardous for α1-antitripsin at higher concentration.
Albumin From four main (highly populated) binding pockets detected for albumin-C 60 model, the lowest energy location stays in an agreement with literature data [31] (see Table 1 and Fig. 4 ). This ligand position (ranked 3rd according to location occupancy,~11% population) is equal to the type 1 binding site described by Benyamini et al. [31] . The location of the C 60 close to the type 2 binding site introduced by those authors was also found with our calculation but its rank was too low (about 5% of the population). Those authors also reported that the type 1 binding site is favored by fullerene molecules interacting with HSA. Additionally, the type 1 binding site seems to be the more universal, because it can bind ligands, which are chemically very different, with a high affinity [76] . SMD results show the largest work was done for extraction of fullerene from site 1 (43.23 kcal/mol) (see Table 1 and Fig. 7) ; however, the most numerous ligand population was observed for site 3, as this site is located on the protein surface, and as a consequence, it is more accessible to the ligands. Site 2, similarly to site 1, possesses the nest shape, and the extraction work in this case is relatively high (30.45 kcal/mol).
Ceruloplasmin Ceruloplasmin possesses strong oxidase activity towards numerous aromatic amines and phenols, e.g., norepinephrine, epinephrine, serotonin, dopa or (+)-lysergic acid diethylamine (LSD) [65] . Binding sites for metal cations-natural ligands of ceruloplasmin-are located in the inner parts of the protein molecule [62] , so they cannot be reached by big C 60 ligands. Ceruloplasmin is involved in many protein-protein complexes being functional biological systems crucial for many cellular processes. It creates complexes with, e.g., myeloperoxidase [39] or lactoferrin [68, 77] . There are many amino acid residues involved in interactions with fullerene C 60 on ceruloplasmin surface, which are considered as crucial for ceruloplasmin-lactoferrin or ceruloplasmin-myeloperoxidaze complexes (see Table 1 ). Around fragments Arg883-Arg892, His667-Trp669, and Cys699-Leu710 which are probably involved in interactions of cerruloplasmin with myeloperoxidaze [39, 64, 65] we found about 3, 10, and 8% populations of docked C 60 . Also, His1028-Val1037 fragment, previously recognized as important for binding various proteins to ceruloplasmin surface [66] , was involved in interactions with fullerene molecules. Two binding places, with the population of about 8% in both cases, of the docked ligands, are located in these area (see Table 1 ). Additionally, Asn119 which carries a structurally important carbohydrate chain was involved in interactions with C 60 . These results are the hit to let us conclude that fullerene molecules attached to a protein surface may distinctly interrupt creating protein-protein complexes, mainly in higher concentrations. As a result, biological functions of all partners participating in such a complex are disturbed. Numerous fullerene molecules (or nC 60 ) connected with protein may totally prevent to create a functional protein quaternary structures. SMD performed for the highly populated ceruloplasmin-C 60 complexes showed very similar ligand detachment work for 1-4 pockets (22.99, 25.24, 20.27, and 28.77 kcal/mol, respectively). The highest work was observed during the pulling of C 60 from site 5 (35.43 kcal/mol). Site 5 was confirmed as important for the biological function of ceruloplasmin [66] .
Lactoferrin Fullerene docking to lactoferrin gave the most fuzzy results, and binding energies were relatively high among all examined protein-fullerene complexes (see Table 1 ). Five binding pockets with the lowest energy have been selected for further analysis. They have about 7-8% of ligand occupancy. Significant dispersion of C 60 molecules on lactoferrin surface suggests that this protein is receptive for C 60 ligands. Although, relatively big fullerene molecules attached to lactoferrin surface cannot directly affect metal binding sites located inside protein structure, but they may interrupt conformational changes of lactoferrin which are required for iron release [78] .
It is known that, similarly to ceruloplasmin, lactoferrin creates functional complexes with various proteins, in this number of heparin or ceruloplasmin. The N-terminal fragment Arg2-Arg5 was reported as crucial in this type of proteinprotein interactions [66, 68] and we have found it in the fifth binding pocket, which reveals relatively low free energy. However, the interaction energy was the highest among all identified lactoferin binding sites (see Table 1 ). Similarly to ceruloplasmin, C 60 molecules attached to the protein structure may seriously disturb forming functional protein-protein complexes. In the contrary to the previous protein-C 60 complexes, in this case, there is no correlation between the interaction energy and ligand population as calculated by the AutoDock program and the results from the SMD simulation. It is mostly visible in comparison between site 3 and 4. In both cases, we have almost identical results as obtained by AutoDock, however SMD gave about 18 kcal/mol difference. It is caused by the location of the ligand. In the case of site 4 fullerene is buried inside of the protein, in the case of site 3, located on the protein surface. During the pulling simulation, the protein-ligand contact was preserved for much longer time and it caused such a difference in the result.
Lysozyme Lysozyme is the smallest from all proteins presented here, and after docking, it gave the most strict results. Only seven ligand locations were obtained after the docking simulation. Five of them were taken into consideration as possible binding pockets for fullerene C 60 (see Table 1 ). The lowest protein-ligand interactions energy (2nd in an occupancy rank 26% of ligands) is located at the end of the active cleft of lysozyme and contains most of amino acid residues recognized previously as important for hen-egg white lysozyme original ligand binding [50, [69] [70] [71] 79 ] (see Table 1 and Fig. 5 ). Five other binding sites contain amino acid residues recognized as important for other ligand binding [72] ; therefore, we considered them in the presented results. It was also experimentally proven that increasing concentration of fullerenol adsorbed to lysozyme decreases its enzymatic activity because of blocking a binding cleft [50] . Our computational results remain in an agreement with previous experimental and computational study data (see Table 1 and Fig. 5) . SMD results for all examined binding sites were quite similar (from about 10 to 15 kcal/mol). The only exception was site 3 with extraction work of about 19 kcal/mol. This result is caused by the fact that fullerene molecule is relatively large in comparison to lysozyme protein. All identified sites were situated on the protein surface, with site 3 forming a kind of shallow nest. Transferrin The most plausible binding pocket observed for transferrin is placed in a functionally important area of this protein including Asn413 and Asn611 [73] and it was identified as site 1. The second binding site was the target of 20% of the ligand population. The third important binding pocket contains only one residue from transferrin binding site, Tyr95. The fourth ranked binding pocket (~6% population) consists of Asp63 and His249, which create the original protein binding site and Lys296 which, with other amino acid residues, stabilizes the metal binding site and play a crucial role in iron release (see Table 1 ). Our observations suggest that fullerene molecules attached to transferrin surfaces may partly inhibit the binding pocket and interrupt other biological functions of the protein but probably only at high concentrations of C 60 . This conclusion stays in agreement with experimental data related to transferrin-highly hydrophobic compound interactions, which shows that such complexes lead to irreparable damage of biological functions of transferrin [80] . SMD calculations pointed site 2 as the most attractive to ligands (42.79 kcal/mol), while the work of pulling for site 1 was the lowest observed (25.58 kcal/mol) and close to the values for the remaining binding sites. Site 1 contained twice as more polar than nonpolar residues, while for sites 2 and 3, this ratio was almost 1:1. This can explain the differences in the values obtained by SMD simulation. Moreover, site 2 has the deepest nest shape, since all remaining binding sites were located on the protein surface.
Characterization of the observed fullerene C 60 -protein interactions
One of the goals of our study was to characterize specific interactions present between fullerene C 60 and protein to finding common features of such interactions. We found that there are almost two times more nonpolar (~260) than polar (~145) residues interacting with C 60 in examined complexes. In the case of polar residues, glutamic acid and lysine are the most often appearing residues in all described binding sites. In the case of nonpolar residues, these are leucine and alanine (see Fig.6 ). With aromatic amino acid residues as tryptophan, phenylalanine, or tyrosine, fullerene C 60 used to create π-π stacking interactions [50] and we detected many of them in the computed models. Aromatic residues make about 12% of all residues found in binding sites (see Fig. 6 ). Thus, we suggest these interactions are important for stabilization of fullereneprotein complex, but surely, they have to be supported by other kinds of interactions. Another type of interaction which should be taken into consideration in C 60 -protein complexes are cation-π interactions. They were found in many systems and should be acknowledged as important non-covalent binding forces [81] . Cation-π interactions are highly competitive with other kinds of non-covalent bonding forces which are known as strong ones [82] . Since they are not only Bcationaromatic^relations, for fullerene molecules with 60 dislocated electrons, they should be a very important kind of contact with proteins. Some computational studies confirmed this fact for semibuckminsterfullerene [83] [84] [85] [86] . In our models there is plenty of arginine, lysine, asparagine, glutamine and histidine residues in the identyfied binding sites. These residues constitute about 25% of all amino acid residues as described here binding places (see Fig. 6 ). This result suggest, that cation-π interactions are of a high importance for structural models and Fig. 6 Amino acid residues participating in detected binding sites: blue-residues creating first binding sites (for the most probable binding pockets, see Table 1 ) for all proteins, orangeresidues creating all presented here binding sites Fig. 5 Main fullerene C 60 binding sites at human lysozyme surface they are probably the main common feature for all of them. It was observed that in proteins, statistically, cation-π interactions are almost two times more probable than van der Waals contacts between amino acids so-called chains [87] . Brocchieri et al. reported that lysine and mainly arginine are the most common neighbors of tyrosine and tryptophan in protein structures [88] . These observations suggest that fullerene may be competitive to tyrosine and tryptophan in this kind of interactions, when adsorbed on a protein surface. It may be a reason why we observed two times more possible cation-π than π-π contact spots. It is worth to mention that cation-π interactions which involve neutral side chains of asparagine or glutamine are much weaker [89] than the same interactions created by positively charged groups of arginine or lysine [90] . Interestingly, cation-π interactions contribute to α-helix stability [91] , and it was observed that fullerenol decreased the content of α-helix without significantly interrupting the whole secondary structure in complexes with lysozyme [50] and HSA [58] . This fact may also indirectly indicate that cation-π interactions exist between C 60 and a protein in their complex.
Another type of fullerene-protein contact which should be taken into consideration are anion-π interactions [92] . These binding forces have been defined between negatively charged species and electron-deficient aromatic rings [93, 94] . The C 60 -protein complexes presented herein, reveal high number of glutamic acid and aspartic acid residues in observed binding sites (~14% of all residues), and additionally, glutamic acid is the most numerous amino acid residue of all (see Fig. 6 ). Fullerene molecules are rich in dislocated electrons and double bonds, and such structures seem to promote the creation of anion-π interactions. Fullerene molecules can also create a weak hydrogen bond interaction with amino acid residues, since localized double bonds of C 60 may act as weak hydrogen bond acceptor with the hydroxyl group of tyrosine [95] or N-H of an amide group [96, 97] . The small statistics as shown in Fig. 6 pointed that the most preferred residues for fullerene interactions are hydrophilic residues: GLU, LYS, ARG, ASN, and ASP. In the case of hydrophobic residues, surprisingly, these are ALA and LEU (Fig. 7) . Fig. 7 The results of SMD simulations. The work and the time are shown on vertical and horizontal axes, respectively. The gray lines correspond to single simulation; the average work was drawn as black, bold line. The final results are summarized in Table 1 Conclusions Docking results presented here were obtained from rigid structures of proteins, and possible conformational changes triggered by fullerene molecules were not performed in our models. It may have an influence on the accuracy of described binding pockets and protein-ligand interactions. But yet, available literature data shows that there are no large-scale conformational changes in the secondary structure of the protein even after binding more than one fullerene molecule [58, 98] .
Data presented here indicates that protein surface used to be highly receptive for fullerene C 60 molecules and that these ligands tend to interact with active sites of proteins. Besides, numerous ligand particles attached to receptor surface must strongly interrupt protein biological functions. Fullerene may not only block binding sites but also interfere with conformational changes of the protein required in its activation process, compete with original substrates having, for example, the same surface charge as fullerene, or affect a product release. They also may interrupt creating functional protein-protein complexes. Observed fullerene-protein interactions may have a toxic influence on alive organisms caused by malfunctioning of proteins crucial in biochemical processes.
Our results indicated that in most of the cases, the simple docking model is able to predict, in a very good affinity, the protein-fullerene interface and binding affinity. However, in some of the cases, in which the binding pocket is buried in the protein, the observed differences in comparison to SMD simulations are high. Our results confirmed that the most preferable residues for protein fullerene interactions are hydrophilic: GLU, LYS, ARG, ASN, and ASP; in the case of hydrophobic residues, these are ALA and LEU.
